1. The function of mitochondria, sarcotubular membranes (heavy microsomes), sarcolemma and myofibrils from the hind-leg skeletal muscle of about 60-and 150-day-old normal and myopathic (UM-X7.1) hamsters was examined.
Introduction
In recent years a new line of myopathic hamsters (UM-X7.1) showing a 100% incidence of lesions in skeletal muscle has been developed (Jasmin & Bajusz, 1973) . Light-microscopic studies revealed that the skeletal muscle lesions in these animals were focal in nature and were visible as early as 20 days of age. The degenerative changes involving several fibres were more prominent after 60 days of age, and as the myopathic disease progressed, damage to sarcotubular system, mitochondria and myofilaments became more extensive. The nature and development of pathological lesions in the UM-X7.1 strain of myopathic hamsters are similar to those described for the B10 14.6 strain of dystrophic hamsters (Homburger, Baker, Wilgram, Caulfield & Nixon, 1966; Caulfield, 1966) . Although various treatments, such as calcium antagonists and adrenergic receptor-blocking drugs, have been demonstrated to be essentially ineffective in preventing skeletal muscle lesions in the UM-X7.1 strain of myopathic hamsters (Jasmin & Solymoss, 1975; Jasmin & Bajusz, 1975) , little is known about the pathogenesis of muscular dystrophy in these animals.
Earlier we reported that the cholesterol/phospholipid ratio and calcium contents were increased, whereas potassium contents were decreased, in the myopathic (UM-X7.1) skeletal muscle (Borowski, Harrow, Pritchard & Dhalla, 1974) . In the present study we offer our findings on various membrane systems such as sarcolemma, sarcotubular membranes and mitochondria, as well as myofibrils in myopathic skeletal muscle. These cellular structures are considered to be directly or indirectly involved in determining muscle function and metabolism (Ebashi & Endo, 1968; Martonosi, 1972; Dhalla, Sulakhe, Fedelesova & Yates, 1974) . Thus any abnormality in sarcolemmal, sarcotubular, mitochondrial or myofibrillar function would indicate an important biochemical difference in hamster myopathy.
Materials and methods
The hind-leg skeletal muscles of about 60-and 150-day-old normal healthy Syrian (control) and genetically myopathic (UM-X7.1 strain) hamsters were quickly dissected out after the animals were decapitated. The muscles were placed in ice-cold homogenizing medium as mentioned below, freed of fat and connective tissues, weighed and employed for the following studies.
Mitochondrial respiration and oxidative phosphorylation
After thorough washing, the muscle was homogenized in ice-cold medium containing KCI (180 mmol/l), ethylenediaminetetra-acetate (EDTA) (10 mmol/l) and fat-free bovine serum albumin (5 g/l). The mitochondria (1000-10 000 g fraction) were isolated by differential centrifugation according to the method described by Sordahl, Johnson, Blailock & Schwartz (1971) . The mitochondria were washed and the oxygen consumption and oxidative phosphorylation (ADP: 0 ratio) were measured polarographically at 28°C by using a Gilson oxygraph and Clarke electrode. The assay was carried out in a buffer (pH 7.4) containing sucrose (250 mmol/l), K2HP04 (LO mmol/l) and Tris-HCI (10 mmol/l), in the presence of different substrates according to the method of Sordahl et al. (1971) . A limited amount ot ADP (250 nmol) was added to initiate state 3 respiration whereas state 4 respiration ensued when all the ADP was phosphorylated. The states 3 and 4 respiration rates referred to in the text are those defined by Chance & Williams (1956) . The respiration control index was calculated as ratio of the oxygen uptake rates in states 3 and 4. The phosphorylation rate was calculated by multiplying the oxygen uptake rate in state 3 by the ADP: 0 ratio.
Mitochondrial calcium binding and uptake
The muscle was homogenized in ice-cold buffer (pH 7.0) containing sucrose (300 mmol/l), histidine (10 mmol/l) and EDTA (1 mmol/l) and mitochondria (1000-10 000 g fraction) were prepared according to method described by Dhalla, Sulakhe, Clinch, Wade & Naimark (1972) . In some experiments, mitochondria isolated for oxidative phosphorylation studies as described above were also employed for determining calcium transport; however, the results were essentially similar. The incubation medium (pH 6.8) for estimating mitochondrial calcium uptake contained KCI (100 mmol/l), Tris-HCI (20 mmol/l), phosphate (4 mmol/l), sodium succinate (5 mmol/l), ATP (4 mmol/l), MgCL (10 mmolll) and 45CaC12 (100 pmol/l). The mitochondrial protein concentration was 0.2-0.3 mg/ml and the reaction was carried out at 37°C for 5 min. The calcium binding by mitochondria was carried out at 25°C in the same medium as for mitochondrial calcium uptake except that phosphate and sodium succinate were omitted from the reaction medium and the protein concentration was 0.3-0.5 mg/ml. In one set of experiments, the concentration of 45CaC12 in the incubation medium was varied and the calcium binding and uptake were measured for 2 min. The reaction was started by the addition of calcium in a total volume of 2 ml and stopped by Millipore filtration. The radioactivity in protein-free filtrate was estimated in a Packard liquid-scintillation spectrometer (Muir, Dhalla, Orteza &Olson, 1970) .
Heavy microsomal calcium binding and uptake
After separation of the mitochondrial pellet as described above, the supernatant was further centrifuged for 45 min at 40 OOO g and the heavy microsoma1 pellet (10 000-40 OOO g) was thoroughly washed and employed in this study. In some experiments the tissue was homogenized in a medium containing sodium bicarbonate (10 mmol/l), sodium azide (5 mmol/l) and Tris-HC1 (15 mmol/l) and the heavy microsomal fraction was isolated according to the method of Harigaya & Schwartz (1969) . Essentially similar results were obtained by both of these methods. The calcium uptake by the heavy microsoma1 fraction was measured by incubating these particles (protein concentration 0.02-0.05 mglml) in medium (pH 6.8) containing KCI (100 mmol/l), MgClz (10 mmol/l), potassium oxalate (5 mmol/l), Tris-HC1 (20 mmol/l), ATP (4 mmol/l) and 45CaC1z (100 pmol/l), in a total volume of 2 ml. The reaction was started by the addition of calcium and stopped by Millipore filtration at various times of incubation at 37°C. The calcium binding by heavy microsomes was carried out at 25°C in the same medium as described for calcium uptake except that potassium oxalate was omitted and the protein concentration in the reaction medium was 0.2-0.3 mg/ml. The radioactivity in the protein-free filtrate was measured in the Packard liquid-scintillation spectrometer (Muir et al., 1970).
Mitochondria1 and microsomal ATPase"' activities and initial rates of calcium uptake
The total mitochondria1 and microsomal ATPase activities were determined by incubating in media described above for mitochondria1 calcium binding and microsomal calcium uptake respectively except that unlabelled CaCL was used. The reactions were started by the addition of ATP and were carried out at 37°C for 5 min. The ATPase activity of the microsomal fraction was also determined in the presence of EDTA (1 mmol/l) and this was subtracted from the total activity to obtain Ca2+-stimulated ATPase activity. The initial rates for microsomal and niitochondrial calcium uptake under different conditions were monitored by employing Aminco-Chance dual wavelength spectrophotometer according to the methods described by Harigaya & Schwartz (1969). 
Sarcolemmal and myofbrillar ATPase activities
The muscle was homogenized in a medium (pH 7.4) containing sucrose (250 mmol/l), EDTA (200 pmol/l) and Tris-HCl(lO0 mmol/l). The homogenate, after being filtered through several layers of gauze, was centrifuged at 1000 g for 10 min. The sediment was washed and extracted with a medium (pH 8.5) containing LiBr (500 mmol/l), EDTA (50 mmol/l) and Tris-HC1 (16 mmol/l) for 15 h in a cold room. The jelly-like solution was filtered through gauze and centrifuged first at 2500 g for 10 min and then at 100 000 g for 30 min. The 2500 g sediment was thoroughly washed with Tris-HC1 (10 mmol/l), pH 7.4, and was employed to study myofibrillar ATPase activity. The 100 000 g sediment was suspended twice in buffer (pH 8.0) containing KCI (600 mmol/l), Tris-HC1 (10 mmol/l) and the 5000-100000 g sediment was used for studying sarcolemmal ATPase activities. This method of isolating sarcolemma is the same as that described by McNamara, Sulakhe & Dhalla (1971). The myofibrils, when isolated by homogenizing the muscle in buffer (pH 7.0) containing KCI (100 pmolll), EDTA (2 mmol/l) and phosphate (5 mmol/l), according to the method described by Murphy & Hasselbach (1968), showed characteristics and results similar to those with the myofibrillar fraction described above. For determining ATPase activities, these subcellular fractions were incubated in a total volume of 1 ml of medium (pH 7.2) containing Tris-HC1 (50 mmol/l), ATP (4 mmol/l) and EDTA (1 mmol/l) for 10 min at 37°C in the presence and absence of CaClz or MgCL (4 mmol/l). In another set of experiments these fractions were incubated in the medium (pH 7.2) containing Tris-HC1 (50 mmol/l), ATP (4 mmol/l), MgClz (4 mmol/l) and EDTA (1 mmol/l) in the presence and absence of NaCl (100 mmol/l) and KC1 (20 mmol/l) in order to determine N a + +K+-ATPase activity for sarcolemma and Na+ + K+-inhibition for myofibrils.
The effect of ouabain (400 pmol/l) on the sarcolemma1 N a + +K+-ATPase activity was also tested.
Ail the above procedures for isolating cellular fractions were carried out at 0 4°C . The protein concentration of these fractions was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) . All the reactions for ATPase activities were stopped after 10 min by the addition of trichloroacetic acid (1.36 mol/l) and the phosphate present in the clear centrifuged supernatant was determined by the method of Taussky & Shorr (1953) . Studies with enzyme markers such as cytochrome c oxidase and Na + + K +-stimulated ATPase McNamara et al., 1971) , sensitivity to mitochondrial inhibitors such as sodium azide and oligomycin , sensitivity to ouabain, a well-known inhibitor of the transport ATPase ) and electronmicroscopic examination (Muir et al., 1970) revealed that the cellular fractions employed in this project had 5-8 % cross contamination. Since this minimal contamination was to an equal extent in both control and experimental preparations, no attempt was made to purify these fractions further. Furthermore, the values for the activities of different cellular fractions of the control preparation were within the accepted range as published in numerous reports in the literature. It should be pointed out that the cellular fractions from the skeletal muscles of the control and myopathic hamsters were prepared simultaneously and were used immediately for determining various biochemical activities. All the results were analysed statistically by Student's t-test.
Results
Respiratory and phosphorylation activities of the skeletal muscle mitochondria from about 60-and 150-day-old normal and myopathic hamsters were determined by employing pyruvate-malate and glutamate-malate as substrates. The data given in Table 1 indicate that the respiration rates in the absence or presence of ADP as well as phosphorylation rates were depressed in 60-day-old myopathic hamster muscles without any changes in the values for RCI and P:O ratio. On the other hand, none of these respiratory and phosphorylation parameters in 150-day-old myopathic hamster muscle mitochondria was significantly different from the control values (Table 2) . When glutamate alone was employed as a substrate, the respiratory functions and phosphorylation rate, but not P:O ratio, for 150-day-old myopathic skeletal muscle mitochondria were lower than the control values ( Table 2) . It was not possible to study the glutamate-dependent respiratory and phosphorylation functions of mitochondria from 60-day-old animal skeletal muscle, unlike that from 150-day-old animals; the reasons for our inability to monitor mitochondrial functions in these young hamsters' skeletal muscle are not clear at the present time.
The abilities of both mitochondrial and heavy microsomal fractions to bind and accumulate calcium were examined by Millipore filtration technique. The results shown in Table 3 demonstrate that, unlike 150-day-old myopathic hamsters, calcium uptake by mitochondria from 60-day-old myopathic animal skeletal muscle was lower than the control value. Calcium binding by myopathic mitochondria was not different from the control values significantly. Mitochondria1 calcium uptake, but not calcium binding, when determined in the presence of different concentrations of calcium was also lower in the myopathic muscle in comparison with the control value ( Table 4) . Likewise, calcium uptake, but not calcium binding, by the heavy microsomal fractions from 150-day-old myopathic hamsters was markedly less in comparison with the control values ( Table 5 ). Both calcium binding and uptake by the heavy microsomal fraction from 60-day-old myopathic hamsters were not significantly different from the control values. However, a time-course study revealed that calcium uptake by the myopathic hamster microsomes was markedly depressed at initial times (30 s) of incubation ( Table  6 ). In another set of experiments the initial rates of substrate or ATP-supported calcium uptake by subcellular particles from 150-day-old animal skeletal muscles were determined by employing a dual wavelength spectrophotometer. The initial rate of ATPsupported calcium uptake by heavy microsomal fraction, unlike mitochondria, from the myopathic skeletal muscle was lower than the contiol value ( Table 7) . The initial rate of calcium uptake by mitochondria in the presence of succina{ei: but not when pyruvate-malate was used as a substrate, was lower for the myopathic muscle in comparison with the control value (Table 7) . Total ATP-hydrolysing activities of both mitochondrial and microsomal fractions as well as CaZ +-stimulated ATPase activity of the microsoma1 fraction from 60-and 150-day-old hamster skeletal muscle were estimated and the results are given in Table 8 . It was observed that the total ATPase activities of both mitochondria and microsomes from the myopathic muscle were not significantly different from the control value; however, CaZ +-stimulated ATPase activity of the heavy microsomal fraction from 1 50-day-old myopathic hamster muscle was markedly lower than the control value.
The results for sarcolemmal ATPase activities of the 60-and 150-day-old normal and myopathic hamster skeletal muscles are shown in Table 9 . CaZ +-ATPase activity, but neither Mg2 +-ATPase nor Na + + K +-stimulated ATPase activity, was higher for the 60-day-old myopathic animals in comparison with the control value. On the other hand, the activities of Ca2 +-ATPase, Mg2 +-ATPase and Na + + K +-stimulated ATPase were elevated in the 150-day-old myopathic animal skeletal muscle sarcolemma. The inhibitory effect of ouabain on the sarcolemmal Na + + K +-stimulated ATPase activity was markedly less for the myopathic animals compared with the control value ( Table 9 ). The data in Table 10 indicate that myofibrillar Ca2 +-ATPase and Mg2 +-ATPase activities from 60-or 150-day-old myopathic hamster skeletal muscles were not significantly different (P >0.05) from their respective control values. Furthermore, the degree of inhibition of the myofibrillar Mgz+-ATPase by N a + and K + for the myopathic skeletal muscle was similar (P>O.O5) to that for the normal skeletal muscle.
Discussion
According to current concepts of muscle contraction and relaxation (Ebashi & Endo, 1968; Martonosi, 1972; Dhalla et al., 1974) , the intracellular concentration of ionized calcium is increased mainly as a result of release from the sarcoplasmic reticulum upon depolarization. This increase in calcium releases the inhibition of the troponin-tropomyosin system and activates myofibrillar ATPase, thus providing energy for contraction due to sliding of the actin and myosin filaments. Relaxation of muscle, on the other hand, results from lowering of the intracellular concentration of ionized calcium mainly from sarcoplasmic reticulum by energy-dependent mechanisms. Mitochondria, in addition to providing energy for the contractile machinery and different ionic pumps, are also considered to serve as a sink for different cations whereas the sarcolemma maintains the proper intracellular concentrations of cations and other cytoplasmic constituents. Thus not only is the functional integrity of different cellular organelles such as sarcoplasmic reticulum, mitochondria, sarcolemma and contractile proteins necessary but also an intricate coordination among their functions is essential for proper muscle performance.
The results reported here reveal that the phosphorylation rate, RCI and respiratory rates in states 3 and 4 of mitochondria from 60-day-old myopathic animal skeletal muscle were depressed when monitored by employing pyruvate-malate and glutamatemalate as substrates. It was also shown that the phosphorylation rate, RCI and respiratory rate in state 3 of mitochondria from 150-day-old myopathic animal muscle were lower than the control values when studied in the presence of glutamate as a substrate. Furthermore, calcium-uptake capacity, but not calcium binding, by mitochondria of 60-day-old myopathic skeletal muscle was markedly decreased. The initial rate of the succinate-supported calcium uptake by mitochondria from 150-day-old myopathic hamsters was less than the control value. These results suggest that defects in the myopathic mitochondria1 oxidative phosphorylation and calcium-transporting abilities are of complex nature. This is supported by the fact that the mitochondria] ATPase activity in the myopathic muscle was not different from the control value. Indeed, alterations in the respiratory and phosphorylation activities of mitochondria from other models of muscular dystrophy have also been reported in the literature (Lochner & Brink, 1967; Wrogemann, Jacobson & Blanchaer, 1973) . Such changes in mitochondrial functions may be partly responsible for metabolic disturbance and malfunction of the dystrophic muscle (Dhalla, Fedelesova & Toffler, 1972) .
In this study we have demonstrated that the initial rate of calcium uptake, calcium-uptake capacity and Ca"+-stimulated ATPase activity of the heavy microsomal fraction of the 150-day-old myopathic hamster skeletal muscle were depressed. Furthermore, it was observed that the initial rate of calcium uptake by the muscle microsomal fraction of the 60-day-old myopathic animals was decreased. Other investigators (Martonosi, 1972; Dhalla & Sulakhe, 1973) have also reported similar results by using different types of dystrophic muscles. Depressed calcium uptake by the sarcoplasmic reticulum can be considered to decrease the intracellular calcium stores, whereby less calcium will be available for release upon depolarization of the dystrophic muscle to give a relatively weak contraction. Here it should be noted that the myofibrillar ATPase activity of the myopathic muscle was found to be normal. Although this finding agrees with other studies (Barany, Gaetjens & Barany, 1966) indicating no defect in contractile proteins of the dystrophic muscles, possible abnormalities of regulatory protein or within the actomyosin system of the myopathic muscle cannot be excluded by the present information.
It was observed that the sarcolemmal Caz+-ATPase activity of the 60-day-old myopathic hamster muscle and Ca2 +-ATPase, Mg" +-ATPase and Na + + K +-ATPase activities of the 150-dayold myopathic hamster muscle were increased. On the other hand, inhibition of the sarcolemma1 Na + + K + -ATPase by ouabain was markedly less in myopathic muscle compared with the control value. Abnormal sarcolemmal enzyme activities in different types of dystrophic muscle have also been reported in the literature (Sulakhe, Fedelesova, McNamara & Dhalla, 1971 ; Dhalla, McNamara, Balasubramanian, Greenlaw & Tucker, 1973; Rodan, Hintz, Shaafi & Rodan, 1974; Roses & Appel, 1974) . It is clear that sarcolemmal N a + +K+-ATPase,Mg2+-ATPaseandCaZ +-ATPase may play an important role in the movements of Na + , K + , Mg2 + and Ca2 + across the cell membrane Martonosi, 1972) and that any changes in their activities may alter the electrolyte composition of the dystrophic muscle. Marked alterations in electrolyte content of the dystrophic muscle have been demonstrated previously (Borowski et al., 1974) , and altered electrophysiological parameters (Albuquerque & Warnick, 1971 ) and the escape of intracellular enzymes (Zierler, 1958) seem to indicate abnormalities of the dystrophic sarcolemma. However, the exact role of sarcolemmal changes in altering the myopathic muscle function and metabolism remains obscure.
This study demonstrates that, unlike mitochondria from 60-day-old myopathic hamster muscle, mitochondria] respiratory and phosphorylation rates in the presence of pyruvate-malate or glutamatemalate and mitochondrial calcium-uptake capacity were normal in 150-day-old myopathic animals. On the other hand, microsomal calcium-uptake capacity and Ca" '-ATPase activity were normal in 60-day-old myopathic hamster muscle in contrast to the older animals. Likewise, sarcolemmal Mg"+-ATPase and N a + + K+-ATPase activities of the younger myopathic animal muscle, unlike the old animals, were not different from the control values. These results along with numerous published reports support our earlier view that changes in different membrane systems are dependent on the type and degree of the muscular dystrophy (Dhalla & Sulakhe, 1973; Dhalla el al., 1973) . Although alterations in mitochondrial respiratory and phosphorylation rates, mitochondrial calcium-uptake capacity, microsomal initial rate of calcium uptake and sarcolemmal Ca" +-ATPase and ouabainsensitive Na + + K +-ATPase were observed in early stages of muscular dystrophy, much further information is required to establish the role of these membrane changes in the pathogenesis of muscular dystrophy. Defective protein and phospholipid membrane structure in myopathic muscle (Dhalla, & Sulakhe, 1973; Borowski et al., 1974) may explain the results of this study, but it cannot be stated with certainty whether the fundamental lesion in human muscular dystrophy is similar to that in myopathic hamsters.
